Abstract: A high-temperature confocal scanning laser microscope and an online reduction-water quenching experiment system were used to systematically study the generation of iron whiskers during the reduction of hematite ore particles with CO/CO 2 gas. The "blooming" phenomenon of the surface during the reduction of iron ore particles was found in this experiment. The orientation of the grain on the longitudinal section of an iron whisker was measured to be uniform by applying the electron back-scattered diffraction technique, which proved that the iron whiskers are most likely to exist in single crystal form. According to the in-situ online experimental video, the average diffusion flux of iron atoms when the layered iron completely covers the surface of the ore particle is about 0.0072 mol/(m 2 ·s). While the iron atom diffusion flux at the root of the iron whisker during the pre-growth process is much larger than the flux when the layered iron is produced, which are defined to be 0.081 mol/(m 2 ·s), 0.045 mol/(m 2 ·s), 0.013 mol/(m 2 · s), and 0.0046 mol/(m 2 ·s), respectively during the four stages of the growth of an iron whisker. The quantitative relationship between the chemical driving force and the whisker growth is established as ∆G θ +RT ln p CO 2 p CO +2n 0.056 rρ E T s = 0.
Introduction
With the gradual depletion of high-quality lump iron ore resources around the world, the efficient use of fine ore resources obtained after mineral processing has received wide attention in the iron-making industry [1] [2] [3] [4] . Getting rid of the process of sintering and agglomeration, the direct reduction process using iron ore fines directly has many advantages such as high efficiency, energy saving, and environmental protection. Non-blast furnace iron-making processes that can directly treat iron ore fines include smelting reduction processes of HIsmelt [5] , HIsarna [6] , Flash iron-making technology (FIT) [7] , and direct reduction processes of Finex [8] , Finmet [9] . However, the high-temperature smelting reduction process requires the reduction of ore fines at temperatures above 1573 K, which is very likely to cause melting problems of mineral powders and erosion of refractory materials [10] . The low-temperature direct reduction process avoids the melting of the particles, but there are also problems like particle agglomeration and long reduction period. According to previous studies [11] , iron whiskers produced on the surface of the particles during the low-temperature gas-based reduction of iron ore fines cause the sticking problem of the material bed. Therefore, in-depth analysis of iron whisker generation and the microscopic reduction process of iron ore particles has far-reaching significance for solving the problems of sticking and low efficiency during low-temperature gas-based reduction of iron ore fines.
Whisker is very common, it can be found in electronic components [12] and it can be produced during vapor deposition [13] , reduction of iron oxide [14] , and cooling of wustite (Fe 1-x O) [15] . Some whiskers such as carbide [16] , nitride [17] , oxide [18] , etc., are used for the preparation of composite materials due to their high elastic modulus and other characteristics, thereby improving the toughness of the material [19, 20] . However, sometimes whiskers can cause problems, such as metal whiskers in electronic components can cause short circuit [12] , iron whiskers produced during gas-based reduction of iron ore fines will cause the agglomeration of iron ore particles.
The process of producing iron whiskers on the surface of iron ore particles involves various physical and chemical factors, so the process is very complicated, and there is still no clear understanding of it. Some researchers have done some work on this, but most of them used off-line observation to study, which cannot achieve the monitoring of the whole reduction process, so some important information may be lost. The high-temperature confocal scanning laser microscope (HCSLM) was employed in this study to realize the monitor of the whole reduction process. So far, hardly any information can be found on the crystallization characteristics of iron whiskers. Then the crystallization characteristics of iron whiskers were characterized by the electron back-scattered diffraction (EBSD) technique in this study. To understand the distribution of iron nuclei in the internal part of iron ore particles during reduction, the vertical furnace water quenching experiment was carried out. Afterward, the internal evolution of iron ore particles was summarized by observing the particles' cross-section offline. Combining the experimental phenomena obtained in this study and the research results in the literature, some arguments have been made to make certain contributions to the analysis of the characteristics and formation mechanism of iron whiskers in the reduction process of iron ore fines.
It is generally believed that the generation of iron whiskers is determined by the reduction process of wustite. For the reduction mechanism of wustite, there are mainly the following hypotheses: Hayes et al. [21, 22] suggested that the iron whisker is caused by the bursting of the iron layer. While Rist [23] proposed the counterbalance theory between reduction rate and diffusion velocity at a macro level. Kohl et al. [24] believed that oxygen atoms diffused through the metallic iron layer to the gas-solid reaction interface. Hayes et al. [22] indicated that CO completes the de-oxidation reaction at the Fe/Fe 1-x O interface through the carbon deposition-carburizing process, and H 2 diffuses through the metallic iron layer to the Fe/Fe 1-x O interface to complete the de-oxidation reaction. In this paper, part of Krőger-Vink's [25] mechanism was used to the theoretical derivation, and some insights on the mechanism of the nucleation of metallic iron and the generation of layered iron/iron whiskers are proposed.
Experimental

Material
The Brazilian iron ore particles (CVRD) with the diameter of 105-150 µm were used in the experiment as their lamellar structure is conducive to find particles with a flat surface under the microscope. The composition of the Brazilian iron ore is listed in Table 1 , which was analyzed by the XRF method. And the total iron content was rechecked with the titration method. Figure 1 displays its result of the XRD test, which was carried out with the X-ray diffractometer (SmartLab produced by Rigaku, Tokyo, Japan). The SiO 2 phase in the Brazilian iron ore exists in the form of independent particles (darker particles in Figure 2 ) separate from the hematite phase. The scanning electron microscope (SEM) and the energy dispersive spectrometer (EDS) tests were carried out with the MLA-250 made by FEI, Hillsboro, OR, USA). The hematite particles are found to be similar to pure Fe 2 O 3 particles. Cross section images and EDS results of the Brazilian iron ore particles: (a) Overview of the sample; (b) hematite particle in big magnification; (c) silica particle in big magnification.
In-Situ Online Observation of the Reducing Process of Iron Ore Particles
The in-situ online observation experiment was carried out with the high-temperature confocal scanning laser microscope (HCSLM) system (VL2000DX-SVF17SP-SVF15FTC made by lasertec, Yokohama, Japan), as shown in Figure 3 . It consists of two main functional systems: The high temperature stage system and the observation system. Due to the shorter wave length of the laser compared to natural light, the depth of field for the HLSCM system is deeper than normal optical microscope. Deeper depth of field helps to achieve more detailed information of the sample [26] . Cross section images and EDS results of the Brazilian iron ore particles: (a) Overview of the sample; (b) hematite particle in big magnification; (c) silica particle in big magnification.
The in-situ online observation experiment was carried out with the high-temperature confocal scanning laser microscope (HCSLM) system (VL2000DX-SVF17SP-SVF15FTC made by lasertec, Yokohama, Japan), as shown in Figure 3 . It consists of two main functional systems: The high temperature stage system and the observation system. Due to the shorter wave length of the laser compared to natural light, the depth of field for the HLSCM system is deeper than normal optical microscope. Deeper depth of field helps to achieve more detailed information of the sample [26] .
Firstly, some iron ore particles were scattered over a flat alumina crucible (1 mm in height and 8 mm in diameter). Then the crucible was put into the micro-furnace in the high-temperature stage (HTS). The HTS was sealed and the water cooling system was turned on before starting the heating program. The argon gas as an evacuation gas was piped into the HTS with the flow rate of 30 mL/min during the whole heating period. The ore particles with a flat surface were chosen as the observation subjects under the confocal scanning laser microscope with the magnification of 2000X. The heating rate was 50 K/min. When the temperature had reached the target temperature for 5 min the argon gas was changed with the CO/CO 2 mixture gas, which had a flow rate of 30 mL/min. Then the isothermal reduction behavior of a single iron ore particle was photographed with a camera and recorded with a video software. Finally, the gas was changed back to argon gas after an experiment and the HTS was cooled down at the rate of 50 K/min. Five reduction temperatures (973 K, 1073 K, 1173 K, 1273 K, Firstly, some iron ore particles were scattered over a flat alumina crucible (1 mm in height and 8 mm in diameter). Then the crucible was put into the micro-furnace in the high-temperature stage (HTS). The HTS was sealed and the water cooling system was turned on before starting the heating program. The argon gas as an evacuation gas was piped into the HTS with the flow rate of 30 mL/min during the whole heating period. The ore particles with a flat surface were chosen as the observation subjects under the confocal scanning laser microscope with the magnification of 2000X. The heating rate was 50 K/min. When the temperature had reached the target temperature for 5 min the argon gas was changed with the CO/CO2 mixture gas, which had a flow rate of 30 mL/min. Then the isothermal reduction behavior of a single iron ore particle was photographed with a camera and recorded with a video software. Finally, the gas was changed back to argon gas after an experiment and the HTS was cooled down at the rate of 50 K/min. Five reduction temperatures (973 K, 1073 K, 1173 K, 1273 K, 1373 K) and three reducing atmospheres (75% CO + 25% CO2, 85% CO + 15% CO2, 95% CO + 5% CO2) were used in the experiment. A total of 15 experiments were performed.
Online Quenching and Offline Characterization.
In order to study the intermediate state of the reduction process, a reduction-online water quenching experiment system was designed. The detailed description of this apparatus is in our previous study [26] . A thin layer of iron ore particles was evenly distributed on a rounded alumina plate. The alumina plate was hung onto the electromagnetic suspension device using a molybdenum wire. Then the flange on the upper part of the furnace tube and the water quenching system at the lower part of the furnace were installed before setting and starting the heating program. The argon gas was continuously piped into the tube with the flow rate of 500 mL/min before the object temperature was reached and the argon gas was changed to reducing gas (500 mL/min). Cutting off the power supply of the electromagnetic hanging device and releasing the hot hanging plate into the quenching tank, the initial state of the fractional reduced ore particles remained. It was determined that the water quenching operation of the EDS energy spectrum will not lead to the oxidation of the surface of reduced ore particles. The experimental conditions are listed in Table 2 . 
Online Quenching and Offline Characterization
In order to study the intermediate state of the reduction process, a reduction-online water quenching experiment system was designed. The detailed description of this apparatus is in our previous study [26] . A thin layer of iron ore particles was evenly distributed on a rounded alumina plate. The alumina plate was hung onto the electromagnetic suspension device using a molybdenum wire. Then the flange on the upper part of the furnace tube and the water quenching system at the lower part of the furnace were installed before setting and starting the heating program. The argon gas was continuously piped into the tube with the flow rate of 500 mL/min before the object temperature was reached and the argon gas was changed to reducing gas (500 mL/min). Cutting off the power supply of the electromagnetic hanging device and releasing the hot hanging plate into the quenching tank, the initial state of the fractional reduced ore particles remained. It was determined that the water quenching operation of the EDS energy spectrum will not lead to the oxidation of the surface of reduced ore particles. The experimental conditions are listed in Table 2 . The cooled fractional reduced ore particles were removed from the water quenched tank and then dried in a dry box at low temperature (363 K) followed by a series of offline tests such as SEM, EBSD (the electron back-scattered diffraction-crystalign made by Bruker, Germany), etc. After inlayed in electro-conductive resin, the ore particles were pretreated with mechanical grinding and polishing, and then the surface stress layer was eliminated by argon ion polishing. Finally, EBSD detection was carried out.
Results and Discussion
3.1. The In-Situ Online Observation 3.1.1. The "Blooming" Phenomenon on the Surface of Particles
The in-situ online observation of the evolution of particle surface morphology during the reduction of Brazilian iron ore particles with a lamellar structure was carried out by the HCSLM device. After the iron ore particles were contacted with the reducing gas, the smooth surface of the particles gradually became rough and porous. After that, the aggregation of metallic iron on the surface of the particles was observed, similar to the phenomenon of "blooming", which rapidly developed from the center point outwards ( Figure 4 ). As shown in Figure 5 , the surface of the iron ore particles is covered with metallic iron after "blooming". Therefore, the "blooming" phenomenon was caused by the formation of layered iron. The relevant arguments are discussed in Section 4. At the same time, the appearance and growth process of the iron whiskers can also be recorded in real time through video recording. It can be seen that the iron whiskers were produced only after the reduction reaction had proceeded to a certain extent, and emerged almost synchronously with the accumulation of surface metallic iron. The iron whiskers continuously grew from the roots, and the growth rate gradually decreased. The surface morphology of the iron ore particles in the late stage of the reduction was basically no longer changed. 
Figure 5.
The EDS result of the particle surface after "blooming" happened. The EDS result of the particle surface after "blooming" happened.
The Growth of Iron Whiskers
Under certain reducing conditions, the iron whiskers can be seen on the surface of iron ore particles, as shown in Figure 6 . When the reduction temperature was 973 K and the reducing atmosphere was 75% CO + 25% CO2, the surface morphology of the ore particles did not change much during the initial 130 s reduction. The iron whiskers appeared at 130 s and continued to grow thereafter. Gradually, its growth rate slowed down, and the surface of the ore particles became rough and porous. Due to the growth of the whiskers at the bottom of the ore particles, the ore particles constantly moved during the reduction process. It can be seen that the iron whiskers have certain strength during the growth process, so the entire particles can be easily lifted. Due to the high strength of the iron whiskers, the intertwining of the iron whiskers between different particles causes the sticking problem during the fluidized reduction process of iron ore fines. The crystallization characteristics of metallic iron whiskers have been studied in depth in the later part of this paper. The EDS result of the particle surface after "blooming" happened.
Under certain reducing conditions, the iron whiskers can be seen on the surface of iron ore particles, as shown in Figure 6 . When the reduction temperature was 973 K and the reducing atmosphere was 75% CO + 25% CO 2 , the surface morphology of the ore particles did not change much during the initial 130 s reduction. The iron whiskers appeared at 130 s and continued to grow thereafter. Gradually, its growth rate slowed down, and the surface of the ore particles became rough and porous. Due to the growth of the whiskers at the bottom of the ore particles, the ore particles constantly moved during the reduction process. It can be seen that the iron whiskers have certain strength during the growth process, so the entire particles can be easily lifted. Due to the high strength of the iron whiskers, the intertwining of the iron whiskers between different particles causes the sticking problem during the fluidized reduction process of iron ore fines. The crystallization characteristics of metallic iron whiskers have been studied in depth in the later part of this paper. The surface morphology of the iron ore particles observed under different experimental conditions is shown in Figure 7 . It can be seen from the two subfigures that the iron whiskers are easily produced at the conditions of lower reduction temperatures and lower CO concentrations. On the contrary, the layered iron morphology is more likely to be produced at the conditions of higher reduction temperatures and higher CO concentrations. The reasons for this phenomenon will be discussed later. The surface morphology of the iron ore particles observed under different experimental conditions is shown in Figure 7 . It can be seen from the two subfigures that the iron whiskers are easily produced at the conditions of lower reduction temperatures and lower CO concentrations. On the contrary, the layered iron morphology is more likely to be produced at the conditions of higher reduction temperatures and higher CO concentrations. The reasons for this phenomenon will be discussed later.
The surface morphology of the iron ore particles observed under different experimental conditions is shown in Figure 7 . It can be seen from the two subfigures that the iron whiskers are easily produced at the conditions of lower reduction temperatures and lower CO concentrations. On the contrary, the layered iron morphology is more likely to be produced at the conditions of higher reduction temperatures and higher CO concentrations. The reasons for this phenomenon will be discussed later. 
The Online Quenching Experiments
Evolution of Surface Morphology
After the reduction and online water quenching operation, the samples were dried and adhered to the conductive paste and the morphology of the particles was observed under an SEM. The microscopic observation results are shown in Figures 8-10 . After reduction for 5 min, pores and cracks appeared on the surface of the iron ore particles due to the volume shrinkage during the de-oxygenation from Fe2O3 lattice. As the reduction process progressed, the pore size on the surface 
The Online Quenching Experiments
Evolution of Surface Morphology
After the reduction and online water quenching operation, the samples were dried and adhered to the conductive paste and the morphology of the particles was observed under an SEM. The microscopic observation results are shown in Figures 8-10 . After reduction for 5 min, pores and cracks appeared on the surface of the iron ore particles due to the volume shrinkage during the de-oxygenation from Fe 2 O 3 lattice. As the reduction process progressed, the pore size on the surface of the particles gradually increased, and as the reduction temperature increased, the pore size also increased. The iron whiskers appeared on the surface of the ore particles in the late stage of reduction, and the diameter of the whiskers increased with the increase of reduction temperature. . Microscopic observation of the particle surface morphology (left column) and the cross-section morphology (right column) of the iron ore particles after reduction at 973 K in 95% CO + 5% CO2 atmosphere. . Microscopic observation of the particle surface morphology (left column) and the cross-section morphology (right column) of the iron ore particles after reduction at 1073 K in 95% CO + 5% CO2 atmosphere. Figure 10. Microscopic observation of the particle surface morphology (left column) and the cross-section morphology (right column) of the iron ore particles after reduction at 1173 K in 95% CO + 5% CO2 atmosphere.
Evolution of Cross-Section Morphology
The iron ore particles obtained after water quenching were embedded in the resin, polished and placed in an SEM to observe the cross-sectional morphology. It can be seen that there were pores with different shapes inside the ore particles in the initial stage of the reaction, which are long, angular and irregular, and the length was about 0.2~2 µm. In the initial stage of reduction, no metallic iron was formed. As the reduction time was prolonged, the pore size inside the particle gradually increased, and the point-like metallic iron crystal nuclei gradually appeared inside the particle. The number of metallic iron crystal nuclei gradually increased, and after the completion of the reaction, they exist in the formed a network inside the particles. As shown in Figure 8m , Figure   Figure 10 . Microscopic observation of the particle surface morphology (left column) and the cross-section morphology (right column) of the iron ore particles after reduction at 1173 K in 95% CO + 5% CO 2 atmosphere.
The iron ore particles obtained after water quenching were embedded in the resin, polished and placed in an SEM to observe the cross-sectional morphology. It can be seen that there were pores with different shapes inside the ore particles in the initial stage of the reaction, which are long, angular and irregular, and the length was about 0.2~2 µm. In the initial stage of reduction, no metallic iron was formed. As the reduction time was prolonged, the pore size inside the particle gradually increased, and the point-like metallic iron crystal nuclei gradually appeared inside the particle. The number of metallic iron crystal nuclei gradually increased, and after the completion of the reaction, they exist in the formed a network inside the particles. As shown in Figures 8m, 9m and 10m , a metallic iron "shell" is left in the outer layer of the particle at the late stage of the reduction, and iron whiskers are attached to the outer surface of the iron shell. The reasons for the formation of this morphology will be analyzed in the discussion section. It can be seen from the cross-sectional view of the particle that the pore depth on the surface of the particle was small, and the pores only existed on the surface layer of the particle and did not penetrate into the inside part.
Crystallization Characteristics of Iron Whiskers
The sample of No. 11 in Table 2 was subjected to EBSD detection. As shown in Figure 11 , the crystal orientation data distribution on the longitudinal section of the iron whisker in the pole figure and the inverse pole figure was relatively concentrated, which indicates that the crystal orientation of each place on the longitudinal section of the iron whisker tends to be uniform. Moreover, it was calculated that the Euler angle orientation difference in the longitudinal section of the iron whisker was less than 10 • . It has been proved that iron whiskers are most likely to exist in single crystal form. Theoretically, metallic iron exists in the form of α-iron in the body-centered cubic structure below 1185 K, and its close-packed direction is {111}, so the iron whiskers preferentially extend in the {111} direction. Fe1-xO is also in cubic structure, the iron whiskers grow along the {111} direction of the Fe 1-x O lattice [15] . 
Discussions
Reduction Mechanism of the Hematite Iron Ore Fines
The mineral powder used in this paper is the hematite iron ore fines. The conversion from Fe2O3 to Fe3O4 and to Fe1-xO is very rapid compared with the process of conversion from Fe1-xO to Fe. Before the iron whiskers are produced, the ore particles are reduced to the Fe1-xO phase, and there is no Fe2O3 or Fe3O4 phase, so the next reduction process can be regarded as a single interface reduction reaction of the Fe1-xO phase [27] . In this paper, the theory of the reduction mechanism of the Fe1-xO phase proposed by Krőger-Vink [25] was implemented. Accordingly, the process of gaseous reduction of Fe1-xO phase was divided into six stages: (1) Migration of the CO molecules to the surface, (b) adsorption of CO gas onto the Fe1-xO surface, (c) reduction at the Fe/Fe1-xO interface,
V and 2 h  in Fe1-xO, (e) removal of CO2 gas from the Fe1-xO surface, and (f) Figure 11 . The EBSD results in the longitudinal section of iron whiskers.
Discussions
Reduction Mechanism of the Hematite Iron Ore Fines
The mineral powder used in this paper is the hematite iron ore fines. [27] . In this paper, the theory of the reduction mechanism of the Fe 1-x O phase proposed by Krőger-Vink [25] there are iron ion holes. When iron atoms are formed due to the loss of oxygen atom through the reaction at the Fe 1-x O/gas interface, these newly formed iron atoms can be accommodated into the iron ion holes present in Fe 1-x O through diffusion. As the de-oxidation reaction on the surface of the ore particles progresses, the ion hole content in the Fe 1-x O phase gradually decreases, that is, the value of x gradually approaches zero. The chemical energy of the system increased with the iron ion super-saturation of the Fe 1-x O phase [28] . Because of the increased iron ion mobility and instability caused by the presence of defects such as grain boundaries or dislocations, the metallic iron nucleus will preferentially appear in some locations such as grain boundaries and dislocations inside the Fe 1-x O phase [29] . That is, the reaction Fe 
Diffusion and Nucleation of Iron Atoms during Reduction
The "blooming" phenomenon observed in the in-situ online experiment is the formation process of the metallic iron layer on the surface of the ore particles. Since the formation speed of the metallic iron phase is determined by the diffusion speed of the iron atom at the Fe 1-x O/Fe interface, the diffusion flux of iron atoms during the formation of layered iron can be evaluated according to the rate of "blooming". The effect of temperature on the density of metallic iron was neglected, the density and the thickness of the layered iron was set at 8700 kg/m 3 and 3 µm, respectively (measured by the SEM observation of the cross-section of the ore particles obtained by the water quenching experiment). By observing the video of the in-situ online observation, the radius of the layered iron was found to increase from r 0 to r 1 during the time t 0 s to t 1 s, and the diffusion flux of the iron atom can be calculated by the following Equation:
where J is the diffusion flux of the iron atom (mol/(m 2 ·s)), d is the metallic iron layer thickness (m), ρ is the metallic iron density (kg/m 3 ), and ∆t is the time variable (t 1 −t 0 , s). According to the experimental data under the condition of 1073 K with 85% CO + 15% CO 2 (Figure 4) , the radius r of the layered iron circle at different time variables ∆t was collected from the video image, then the average diffusion flux of iron atoms at different time variables was calculated by the Equation (1). Three different layered iron circle data were tracked and plotted, as shown in Figure 12 . The fitting Equation was obtained by fitting the curve in the graph:
the layered iron circle at different time variables Δt was collected from the video image, then the average diffusion flux of iron atoms at different time variables was calculated by the Equation (1). Three different layered iron circle data were tracked and plotted, as shown in Figure 12 . The fitting Equation was obtained by fitting the curve in the graph: When the surface observed by the ore fine particles was completely covered by the metallic iron layer, the average diffusion flux of the iron atom at this time was calculated and compared with the average diffusion flux value obtained by extrapolation using the Equation (2) . The calculation process is as follows: As shown in the video images in Figure 4 , the first metallic iron nucleus appeared at t0 = 203 s and the upper surface of the ore particles was completely covered by metallic iron at 261 s. The area of the upper surface of the particle was estimated as an equilateral triangle, and the side length L of the triangle was measured as 200 µm, then the area S is 3 0.5 /4 × L 2 = 1.73 × 10 −8 m 2 . The average diffusion flux when the surface of the iron ore particles was completely covered by metallic iron is: When the surface observed by the ore fine particles was completely covered by the metallic iron layer, the average diffusion flux of the iron atom at this time was calculated and compared with the average diffusion flux value obtained by extrapolation using the Equation (2) . The calculation process is as follows: As shown in the video images in Figure 4 , the first metallic iron nucleus appeared at t 0 = 203 s and the upper surface of the ore particles was completely covered by metallic iron at 261 s. The area of the upper surface of the particle was estimated as an equilateral triangle, and the side length L of the triangle was measured as 200 µm, then the area S is 3 0.5 /4 × L 2 = 1.73 × 10 −8 m 2 . The average diffusion flux when the surface of the iron ore particles was completely covered by metallic iron is: According to Figure 6 , which is a frame from the experimental video, the iron atom diffusion flux during the growth of the iron whiskers was estimated. The iron whisker in the circle mark in Figure 6 was monitored. The diameter D of the iron whisker was 3 µm. Assuming that the iron whiskers were of uniform diameter, the whisker cross-sectional area S is π(D/2) 2 = 7.07 × 10 −12 m 2 . The whisker appeared at 109 s. The relationship between the diffusion flux J (mol/(m 2 ·s)) of iron atoms and the growth rate v (µm/s) of whiskers can be expressed as J = S × v × ρ/S/0.056 = v × ρ/0.056. The relationship between the length of the iron whisker and the growth time was obtained by measuring the image in the in-situ online experiment, which is shown in Figure 13 (the time when the iron whisker began to appear was set as the time origin in the figure). A piecewise fitting of the first order was performed on the data in the graph, and the slope of the fitting equation was the growth rate of the iron whisker. Therefore, according to the Equation J = v × ρ/0.056, the diffusion fluxes of the iron atoms in the four stages of growth in Figure 13 were: 0.081 mol/(m 2 ·s), 0.045 mol/(m 2 ·s), 0.013 mol/(m 2 ·s), and 0.0046 mol/(m 2 ·s), respectively. It can be seen that the iron atom diffusion flux at the root of the iron whisker during the early growth period is much larger than that of the iron atom when the layered iron is generated. In this experiment, the growth rate of the iron whisker began to slow down substantially after 60 s. 
The Generating Mechanism of Layered Iron and Iron Whiskers
The de-oxidation reaction in the Fe1-xO phase and the generation of the metallic iron nucleus are shown in Figure 14a and the angle formed between the Fe1-xO/Fe interface and the metallic-iron/gas-phase interface is defined as the angle θ.
Before the appearance of iron whiskers, the concentration of iron atoms in the Fe1-xO phase is increasing (that is the "x" in Fe1-xO approaches 0 continuously) and when it reaches a certain level, the metallic iron nucleuses are formed firstly at the grain boundaries of the particle surface, the surface of internal cracks or where lattice defects are dense [32] . The appearance of the iron nucleus on the surface of the ore particles causes the generation of a new Fe1-xO/Fe interface and the metallic-iron/gas-phase interface. The new interface consumes the accumulated energy in the Fe1-xO phase, and the production of metallic iron promotes the reaction
Fe =Fe+V 2h +  . Thereby, the cation holes and electron holes are continuously supplied to the reduction reaction interface ensuring the continuity of the reduction reaction.
The formation of layered iron and iron whiskers is determined by the relationship between the rate of chemical reaction and the diffusion rate of cation and electron holes. The diffusion rate of cation and electron holes is determined by temperature alone. The higher the temperature is, the higher the rate of diffusion. The rate of chemical reaction is determined by the combination of temperature and CO concentration. The high temperature and high CO concentration contribute to the increase of chemical reaction rate. Under the condition of high temperature and high CO concentration, the rate of chemical reaction is greater than the diffusion rate of cation and electron holes from the interface of the distant Fe1-xO/Fe interface to the de-oxidation reaction interface. At this time, the angle θ is below 90° [25] . The Fe1-xO/Fe interface of the metallic iron nucleus preferentially develops closer to the de-oxidation reaction interface, that is, preferentially extends the interface laterally, rather than expanding into the interior of the particle. Then the growth of layered iron appears macroscopically on the particle surface, which is the cause of "blooming" phenomenon, as shown in Figure 14b . Under the conditions of high temperature and low CO concentration or low temperature and high CO concentration, the rate of chemical reaction is less than the diffusion velocity of cation and electron holes from the distant Fe1-xO/Fe interface to the de-oxygen reaction interface. At this time, the angle θ is close to 90° and the Fe1-xO/Fe interface of the metallic iron nucleus expands to the inside of the particle very quickly. The increase of the Wagner [30] proposed the following Equation for the study of the growth of metallic whiskers on metal oxides or sulfides: 
Referring to the relevant arguments in Section 4.3, it can be considered that the driving force of promoting the growth of iron whiskers is equal to the driving force of chemical reactions. It is known that the equilibrium constant of the reaction Fe 1-x O + CO = (1-x) Fe + CO 2 at equilibrium state with the reduction temperature of 1073 K and a reducing atmosphere of 75% CO + 25% CO 2 is K = 0.567 [31] . Namely, RT ln [15] . According to the Equation (4), the diffusion flux J of the metallic iron during the growth of the metallic iron whiskers is 0.029 mol/(m 2 ·s). This value is close to the diffusion flux of the iron atoms in the second and third stages calculated in the in-situ online experiment, as shown in Figure 13 . Hayashi et al. [15] studied the generation of iron whiskers on the surface of supersaturated Fe 1-x O. The growth rate of iron whiskers was determined experimentally and also estimated by the Wagner Equation. However, the growth rate of iron whiskers obtained in his study is much smaller than the growth rate of iron whiskers in this study. The reason for this difference is the presence of a driving force for the growth of iron whiskers by reducing gas in this study.
The de-oxidation reaction in the Fe 1-x O phase and the generation of the metallic iron nucleus are shown in Figure 14a and the angle formed between the Fe 1-x O/Fe interface and the metallic-iron/gas-phase interface is defined as the angle θ. 
External Influence Factors of Iron Whiskers
The generation of iron whiskers is affected by internal factors such as chemical reactions and diffusion as mentioned above and is also externally affected by doping elements and physical isolation. Halim et al. [34] found that the whisker structure disappeared in the reduction of MgO doped wustite compacts. The smaller size of Mg 2+ ion relative to Fe 2+ ion hindered the lattice expansion and slowed down the diffusion rate of iron ions, so the whisker growth was inhabited. The presence of CaO increased the total porosity and promoted the formation of iron whiskers because it causes lattice distortion due to the larger diameter of Ca 2+ (0.99 Å) than Fe 2+ (0.75 Å) [35, 36] . The presence of SiO2 decreased the total porosity due to the formation of fayalite (Fe2SiO4) and other glassy or crystalline silicate types [34] , which stopped the iron nucleation near the surface of ore particles and thereby prevented the formation of iron whiskers.
Gransden et al. [37] studied the coating of metal oxides on the surface of iron ore particles to inhibit the sticking problem, and found that the coating has a physical inhibition effect on the formation of iron whiskers. The coating hindered the diffusion of metallic iron to the surface of the particles, thereby hindering the generation of iron whiskers. Grain boundaries and dislocations provide diffusion channels for iron ion and cation holes, thus the diffusion coefficient of iron atoms to the iron nucleus increases. The high values of iron concentration and chemical energy make these places more prone to the generation of iron whiskers [28] . Defects such as dislocations can be caused by mechanical disruption or phase transitions. In Zhao's study [38] , it was found that the iron whiskers preferentially appeared at cracks in the iron oxide phase.
The Reduction Process of a Single Iron Ore Particle
According to the phenomena observed in the in-situ observation and water quenching experiments, the reduction process of a single iron ore particle can be summarized. After the reducing gas is in contact with the ore particles, the oxygen atoms are continuously taken away from the surface of the particles. Due to the decrease of the oxygen atom concentration on the surface of the particles, the oxygen atoms inside the particles continuously diffuse to the periphery of the particles, and the iron atoms without oxygen coordinating on the surface diffuse into the interior of the particles. With the continuation of the de-oxidation process, the ore fines gradually change from the Fe2O3 phase to the wustite phase. Due to the volume shrinkage caused by the crystal transformation, uniformly distributed pores begin to appear inside the iron ore particles, as shown in Figures 8-10 . Then the pore size inside the particle gradually becomes larger, and the entire particle is gradually reduced to the wustite phase. The process described above is very rapid compared to the reduction of wustite to metallic iron, it only takes 3-4 min in this study.
Due to the rapid reduction of the surface of the particles, a very thin layer of metallic iron is Before the appearance of iron whiskers, the concentration of iron atoms in the Fe 1-x O phase is increasing (that is the "x" in Fe 1-x O approaches 0 continuously) and when it reaches a certain level, the metallic iron nucleuses are formed firstly at the grain boundaries of the particle surface, the surface of internal cracks or where lattice defects are dense [32] . The appearance of the iron nucleus on the surface of the ore particles causes the generation of a new Fe 1-x O/Fe interface and the metallic-iron/gas-phase interface. The new interface consumes the accumulated energy in the Fe 1-x O phase, and the production of metallic iron promotes the reaction Fe Fe 1−x O = Fe + V Fe + 2h · . Thereby, the cation holes and electron holes are continuously supplied to the reduction reaction interface ensuring the continuity of the reduction reaction. The formation of layered iron and iron whiskers is determined by the relationship between the rate of chemical reaction and the diffusion rate of cation and electron holes. The diffusion rate of cation and electron holes is determined by temperature alone. The higher the temperature is, the higher the rate of diffusion. The rate of chemical reaction is determined by the combination of temperature and CO concentration. The high temperature and high CO concentration contribute to the increase of chemical reaction rate. Under the condition of high temperature and high CO concentration, the rate of chemical reaction is greater than the diffusion rate of cation and electron holes from the interface of the distant Fe 1-x O/Fe interface to the de-oxidation reaction interface. At this time, the angle θ is below 90 • [25] . The Fe 1-x O/Fe interface of the metallic iron nucleus preferentially develops closer to the de-oxidation reaction interface, that is, preferentially extends the interface laterally, rather than expanding into the interior of the particle. Then the growth of layered iron appears macroscopically on the particle surface, which is the cause of "blooming" phenomenon, as shown in Figure 14b . Under the conditions of high temperature and low CO concentration or low temperature and high CO concentration, the rate of chemical reaction is less than the diffusion velocity of cation and electron holes from the distant Fe 1-x O/Fe interface to the de-oxygen reaction interface. At this time, the angle θ is close to 90 • and the Fe 1-x O/Fe interface of the metallic iron nucleus expands to the inside of the particle very quickly. The increase of the volume of the metallic iron nucleus will increase the interfaces of Fe 1-x O/Fe and Fe/gas, and since the angle θ is large, the iron nucleus expands to the inside of the particle, and the new Fe 1-x O/Fe interface increases. Since the energy consumed to produce the new Fe 1-x O/Fe interface is much greater than the energy consumption of the new Fe/gas-phase interface, according to the lowest energy theory, when the Fe 1-x O/Fe interface increases to a certain extent, the metallic iron will overcome the surface tension and produce protrusions on the surface of metallic iron nuclei. Then the protrusions will develop into iron whiskers, continuously expanding the new interface of Fe/gas-phase and releasing the energy accumulated in the Fe 1-x O phase, as shown in Figure 14c . Under the condition of producing layered iron, since the formation rate of the new Fe/gas-phase interface is close to the formation rate of the new Fe 1-x O/Fe interface, the surface of the metallic iron nucleus is less prone to produce protrusions or iron whiskers.
The driving force of the chemical reaction is reflected in the accumulation of energy in the Fe 1-x O and the metallic iron nucleus. During the growth of iron whiskers, the driving force that promotes the formation of the Fe 1-x O/Fe interface will be released at the new Fe/gas-phase interface. At this point, the growth of the new Fe 1-x O/Fe interface will be temporarily stagnant. Moreover, the stored energy of the Fe 1-x O phase during whisker growth is almost constant. If the energy fluctuation in Fe 1-x O is neglected, it can be considered that the driving force for promoting the growth of the iron whisker is equal to the driving force of the chemical reaction. For every 1 mol of metallic iron atoms produced:
where ∆G is the Gibbs free energy change of the chemical reaction under the corresponding reaction conditions, which is the driving force of the chemical reaction, r is the radius of an iron whisker (m), n is the number of iron whiskers, and is the density of metallic iron (kg/m 3 ), E T s is the surface energy of the iron whiskers per unit surface area (J/m 2 ). The Equation (5) can be converted into:
For a certain temperature, the value of E T s is fixed. According to the Equation (6), when the temperature is 973 K, a decrease in the radius of the iron whisker or an increase in the number of iron whiskers may occur as the CO concentration increases. According to the theory of surface tension, for a solid with certain deformation ability, its surface energy can be considered to be equal to the surface tension [33] . Metallic iron has a softening property at high temperature, that is, it can be deformed, so it can be considered that the surface energy of the iron whisker is equal to its surface tension. When the CO concentration is 75%, theoretically, the value of E T s will decrease with the increase of reduction temperature. According to the above experimental results, the iron whisker radius increased as the reduction temperature increased. According to Equation (6) , this phenomenon indicates that the number of iron whiskers will rise rapidly as the reduction temperature increases. The value of E T s decreases as the reduction temperature increases, that is, the surface tension of the metallic iron decreases. Then the contact angle δ at the root of the whisker will increase as shown in Figure 14d , which is the cause of an increase in the diameter of the iron whisker. This results in the formation of conical shape at the root of the whisker at higher temperatures.
External Influence Factors of Iron Whiskers
The generation of iron whiskers is affected by internal factors such as chemical reactions and diffusion as mentioned above and is also externally affected by doping elements and physical isolation. Halim et al. [34] found that the whisker structure disappeared in the reduction of MgO doped wustite compacts. The smaller size of Mg 2+ ion relative to Fe 2+ ion hindered the lattice expansion and slowed down the diffusion rate of iron ions, so the whisker growth was inhabited. The presence of CaO increased the total porosity and promoted the formation of iron whiskers because it causes lattice distortion due to the larger diameter of Ca 2+ (0.99 Å) than Fe 2+ (0.75 Å) [35, 36] . The presence of SiO 2 decreased the total porosity due to the formation of fayalite (Fe 2 SiO 4 ) and other glassy or crystalline silicate types [34] , which stopped the iron nucleation near the surface of ore particles and thereby prevented the formation of iron whiskers.
The Reduction Process of a Single Iron Ore Particle
According to the phenomena observed in the in-situ observation and water quenching experiments, the reduction process of a single iron ore particle can be summarized. After the reducing gas is in contact with the ore particles, the oxygen atoms are continuously taken away from the surface of the particles. Due to the decrease of the oxygen atom concentration on the surface of the particles, the oxygen atoms inside the particles continuously diffuse to the periphery of the particles, and the iron atoms without oxygen coordinating on the surface diffuse into the interior of the particles. With the continuation of the de-oxidation process, the ore fines gradually change from the Fe 2 O 3 phase to the wustite phase. Due to the volume shrinkage caused by the crystal transformation, uniformly distributed pores begin to appear inside the iron ore particles, as shown in Figures 8-10 . Then the pore size inside the particle gradually becomes larger, and the entire particle is gradually reduced to the wustite phase. The process described above is very rapid compared to the reduction of wustite to metallic iron, it only takes 3-4 min in this study.
Due to the rapid reduction of the surface of the particles, a very thin layer of metallic iron is firstly formed on the surface of the particles. This layer offers huge diffusion resistance to oxygen atoms from inside the particles in reaching the reaction surface. This causes a decrease in the rate of de-oxygen reaction and causes an increase in the diffusion potential of oxygen atoms near the surface of the particles. As the internal oxygen concentration of the particles decreases, some metallic iron nuclei form around the pores. The production of metallic iron nucleus helps to provide more atom holes for the diffusion of iron atoms on the surface of the particles, thereby producing an autocatalytic effect on the formation reaction of metallic iron [39] . Finally, the oxygen in the entire particle is completely taken away by the reducing gas, the network-connected metallic iron crystals form inside the particle and a metallic iron shell remains in the outer layer of the particle. With the increase of the reduction temperature (973-1173 K), the fluidity of the metallic iron becomes more and more remarkable, so that it is easier to form a metallic iron layer on the surface of the particle, and finally it remains as a "metallic iron shell". Moreover, as the temperature increases, the atomic diffusion rate inside the iron ore particles increases, thereby shortening the transition time of Fe 2 O 3 to the Fe 1-x O phase, and the pore size inside the particles is also enlarged, as shown in Figure 15 . de-oxygen reaction and causes an increase in the diffusion potential of oxygen atoms near the surface of the particles. As the internal oxygen concentration of the particles decreases, some metallic iron nuclei form around the pores. The production of metallic iron nucleus helps to provide more atom holes for the diffusion of iron atoms on the surface of the particles, thereby producing an autocatalytic effect on the formation reaction of metallic iron [39] . Finally, the oxygen in the entire particle is completely taken away by the reducing gas, the network-connected metallic iron crystals form inside the particle and a metallic iron shell remains in the outer layer of the particle. With the increase of the reduction temperature (973-1173 K), the fluidity of the metallic iron becomes more and more remarkable, so that it is easier to form a metallic iron layer on the surface of the particle, and finally it remains as a "metallic iron shell". Moreover, as the temperature increases, the atomic diffusion rate inside the iron ore particles increases, thereby shortening the transition time of Fe2O3 to the Fe1-xO phase, and the pore size inside the particles is also enlarged, as shown in Figure 15 . Figure 15 . Schematic diagram of the evolution process of a single particle reduction.
Conclusions
Through systematic research on the gas-based reduction process of hematite ore fines and the mechanism of metallic iron production, the following conclusions are drawn:
(1) The "blooming" phenomenon appearing on the surface of the iron ore particles during the reduction process is caused by the formation of layered iron. The average diffusion flux of iron atoms when the layered iron completely covers the surface of the ore particle is about 0.0072 mol/(m 2 ·s). 
(1) The "blooming" phenomenon appearing on the surface of the iron ore particles during the reduction process is caused by the formation of layered iron. The average diffusion flux of iron atoms when the layered iron completely covers the surface of the ore particle is about 0.0072 mol/(m 2 ·s).
(2) The formation of layered iron and iron whiskers is determined by the relationship between the rate of de-oxidation reaction and the diffusion rate of cation and electron holes. Iron whiskers are likely to occur when the diffusion of cation and electron holes are faster, and layered iron forms when the chemical reaction rate is faster.
(3) The iron atom diffusion flux at the root of the iron whisker during the pre-growth process is much larger than the flux when the layered iron is produced. As time goes on, the growth rate of iron whiskers decreases rapidly.
(4) The chemical reaction can provide a driving force for the production of metallic iron whiskers. The increase of the surface energy after the appearance of the iron whiskers causes the energy accumulated in the iron nucleus and the Fe 1-x O phase to be released. The value of the surface tension (surface energy) of the iron nucleus at high temperatures affects the morphology of the iron whiskers.
